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Background and Objectives. Studies using Doppler catheters to 
BSSQSS blood low velocity and vasodilator reserve in proximal 
coronary arteries have falled to demonstrate significant improve- 
ment immediately after caronary angioplasty. Measurement of
blood flow velocity, flow reserve and phssic diastolic/systolic 
velocity ratio performed distal to a coronary stenosis may provide 
important Snfermation coWermLg Oh physio!ogic sigaiticance of 
canary artery stenosis. This study was designed to measure 
these blood flow velocity variables both proximal and distal to a 
sign&ant coronary artery stenosis in patients undergoing coro- 
nary augioplasty. 
Methods. A low prolile (0.018.in.) (0.046.cm) Doppler angio- 
plasty guide wire capable of providing spectral flow velocity 
data was used to measure blood flow velocity, flow reserve and 
diastoli&ystolic velocity ratio both proximal and distal to left 
anterior descending or left circumflex coronary artery stenosis. 
These measurements were made in 38 patients undergoing core. 
nary angioplasty and in 12 patients without significant coronary 
artery disease. 
Rest&. Significant improvement in mean time average peak 
velocity was noted in distal coronary arteries after angioplasty 
(before 19 t 12 cm/s; atIer 35 f 16 em/s; p < 0.01). increases in 
proximal averq peak velocity after angloplasty were less re- 
markable (hiore 34 f 18 cm/s; after 41 F!Z 14 cm/s; p = 0. 
Cot-wary artery pulsed Doppler catheters and intraopera- 
tively placed coronary artery probes have been used to 
measure the velocity of blood flow in epicardial coronary 
arteries and to assess coronary vasoddator reserve iti hu- 
mans. Some studies (l,2) have demonstrated poor correla- 
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Mean Alow reserve remained unc 
(1.5 f 0.5 vs. 11.6 f 1; 
cant stenosis was decreased 
(1.3 f 0.5 vs. 1.8 % 0.5; 
abnormal phasic velocity patterns generally returned to normal, 
with a significant increase in mean diastoliclsystol 
(1.3 f 0.5 vs. 1.9 ?t 0.g; p < 0.01). Pbasic veloci 
mean diastolic/systolic velocity ratio me 
coronary steuosis 3vere not s~tistically d 
normal vessels (1.8 I 0.8 vs. 1.8 I 0.5 
change sigui&.Pntly arter angioplasty (I. 
p > 0.10). 
Co~&&zas. Flow velocity measurements may be ~e~~orrned 
stenosis with the Doppler guide wire. Phasic 
ade ~~ox~rna~ to a coronary stenosis 
distal coronary artery. Both proximal 
and distal flow reserve measurements made immediately after 
angioplasty were of limited utility. Changes in distal flow velocity 
patterns and diastolic/systolic velocity ratio appeared to be more 
relevant than the hyperemic response in assessing the immediate 
physiologic outcome of coronary aslgioplasty. 
(J Am Co11 Cardiol Z992;20:276-86) 
tion of flow reserve with angiographic indexes of the severity 
of the stenosis. Changes in flow reserve after angioplasty 
have been inconsistent, with some patients demonstrating an 
immediate r turn to normal hyperemiclbaseline f owreserve 
ratio and others showing little imprubement or even a 
decrease in How reserve ratio (3-6). Additional data ob- 
tained by using coronary artery Doypkr catheters to assess 
s:znosis zverity have included measurement of ratios of 
post-stenotic jet velocity/normal coronary artery velocity 
(1). These ratios may be used to quantify the percent area 
stenosis by means of the continuity equation. Correldtl’on irr 
an animal model of stenosis was high. However, no similar. 
human data have been reported. 
Studies of phasic oronary artery 
(8-10) have revealed changes in the normal diastolic pre- 
dominant pattern to a less diastolic predominant pattern with 
Q735-1097i%?l$5.00 
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ke 1. Diagram of ~0~~9er coronary artery guide wire. 
a greater systolic flow ~ont~bnt~on, occurring wit 
ial coronary artery stenosis. 
se ofan 80-channe 
a surgically placed epica 
surements of post-stenotic velocity revea9ed hi 
mponer~t§ and reduced iastolic t9ow rnmpo- 
nents. After bypass grafting, t 
the graft insertion returned to 
nant flow pattern, with relatively 9itt 
Such changes in diastolic and systolic flow patterns may 
provide important i~ormat~on concerning the physiologic 
significance of coronary artery stenosis. ~nfo~unate9y, it 
has been possible to obtain imbrmation concerning 
patterns distal to the site of a coronary stenosis only d 
open heart surgery. 
We evaluated a newly developed IIoypier ultrasound 
guide wire system capable of measuring phasic spectral flow 
velocity in both proximal nd distal human coronary arteries 
during cardiac atheterization a d coronary angioplasty. 
easurements of fln~v elocity, coronary flow reserve and 
phasic velocity patterns obtained both prorimal and distal to 
a coronary artery stenosis were evaluated before and after 
balloon angioplasty. We hypothesize that reduction in the 
coronary stenosis after balloon a gioplasty should improve 
distal coronary artery flow velocity, normalize diastolic/ 
systolic flow patterns and improve flow velocity indexes 
such as the diastolic/systolic velocity ratio in a manner 
similar to that observed after coronary artery bypass graft- 
ing. 
Doppler Guide Wire 
All flow velocity measurements were perfomred with a 
newly designed Doppler coronary artery flow guide wire 
(Cardiometrics, Inc.). This guide wire (Fig. 1) is constructed 
of a 17%cm long, 0.018~in. (0.046-cm) flexible, stee 
“f?oppy” guide wire with a 0.096-in. (0X949-cm), 12 
piezoelectric transducer mounted on its t 
produces a relatively broad beam (20” 
ultrasound signal, with an estimated sample volume size of 
2.25 mm (diameter) at a range gate depth of 5 mm. This same 
h the coronary stenosis for d&&m 
The 92-M pulsed Doppler ~9tra§ound velocimeter 
elected ( 13 to 36 kHz), with a burst kngth of 0.83 ps. 
ler system also has the capability ofcomputing a 
riables, in~9~ding i stantaneous 
oppler guEde wire to 
of known diameter 
average of the spectral peak velocity was used for all 
calculations. In all five tubes. average peak velocity was 
highly correlated with ele~t~omagnet~~ f9ow (r’ = 0.9g to 
0.99). quantitative estimate of flow was also calculated 
from ppler velocity data using the following relation: 
(TD’) 
QD = - 4 AN’, 
where = measured tutbing diameter 
and A ean blood flow velocity. The 
time-averaged mean blood fow velocity was estimated from 
the time-averaged spectral peak velocity (APV) using: 
AMV = fAPV 921 
assuming a parabolic velocity profile and insonification f 
the internal area of the tube containing thetrue spatial peak 
velocity. Doppler guide wire-determined flow was highly 
correlated with electromagnetic flow over the range of 0 to 
200 mllmin (Fig. 2) for all five tube sizes tested (? range 0.98 
to 0.99). Slopes of Doppler versus electromagnetic flow 
approached 1 (range 0.99 to 1.04) and intercepts were noted 
to be insignificant (range 0.43 to 5.0 mumin). 
opp9er flow measured in the 
coronary artery in four dogs was 
compared with elect agnetic flow. Vessel diameter was 
obtained by using quantitative angi 
between Dopaler and e9ectr~magnet~ 
(? = 0.94, slope = 0.85, intercept = 9.7 mhmin) for all dogs 
evaluated (Fig. 3). 
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Figure 2. Plot of Doppler-determined flow versus electromagnetic 
flow for the in vitro flow model. A = 0.79.mm tube: q = 1.59-mm 
tube; 0 = 3.17.mm tube; = 4.76~mm tube; t = 7.94.mm tube. 
Reprinted from Doucette et al. (13) by permission of the American 
Heart Association, Inc. 
Human Studier: 
Patient selection. Fifty patients cheduled to undergo 
diagnostic coronary angiography or balloon angioplasty, or 
both, of either the left anterior descending or the left 
circumflex coronary artery system were selected for the 
study. Patients with previous coronary artery bypass graft 
surgery, MO% stenosis of the left main coronary artery, 
Figure 3. Plot of Doppler-determined flow versus electromagnetic 
flow in the proximal left circumflex coronary artery in four dogs. 
Reprinted from Doucette et al. (13) by permission of the American 
Heart Association. Inc. 
Eleclromagnetic Flow (mumin) 
acute unstable angina, acute myocardial infarction, valvular 
heart disease, left ventricular hypertrophy orejection frac- 
tion ~35% were excluded. The study was approved by the 
Human Research Committee at each of the pa~icipati~g 
institutions. All study subjects gave written i formed con- 
sent All 50 patients underwent coronary angiography. 
Twelve of the 50 patients had normai findings on coronary 
angiography and did not undergo angioplasty. Beta- 
adrenergic blocking drugs and calcium antagonists were not 
withheld. Intravenous nitroglycerin and long-acting nitrates 
were discontinued. Before angioplasty, allpatients received 
325 mg of aspirin 10, U of intravenous heparin, diphen- 
hydramine (50 mg) and diaze g) as routine premed- 
ications for angioplasty. N ual or intracoronary 
medications were given before initiating the start of the 
stuty. 
$!oromary artery velocity measure ents. All caronary ar- 
tery flow velocity studies were performed by interventional 
cardiologists well experienced in the use of the Doppler 
guide wire. Once routine quantitative coronary angiography 
was completed, an 8F angioplasty guiding catheter was 
positioned inthe ostium of the left main coronary artery. A 
continuous ECG and coronary artery pressure waveforms 
were recorded. The 0.018-in. Doppler guide wire was ad- 
vanced through the guiding catheter and into the proximal 
portion of I7 angiographically normal left anterior descend- 
ing or left circumflex coronary arteries inthe 12 patients with 
no significant coronary artery disease. The Doppler guide 
wire was carefully itioned and torqued to obtain the 
maximal amplitude ppler signal using the gray scale 
amplitude display. In addition to signal strength, peak in- 
stantaneous velocity ;Nas used to indicate proper positioning 
of the guide wire tip within the vessel. The position of the 
Doppler guide wire was recorded by cineangiography and 
phasic Doppler velocity signals were recorded before and 
after 9 to 12 mg of intracoronary papaverine (14) or 4 mg of 
intravenous adenosine (15). Velocity and pressure data were 
continuously recorded throughout the maximal hyperemic 
response and for 90 s thereafter. 
In the 38 patients undergoing coronary angioplasty, the 
Doppler guide wire was advanced into the diseased coronary 
artery and positioned proximal to the stenosis beyond any 
large branches. Phasic velocity signals were recorded and 
coronary vasodilator reserve measurements were agtin ob- 
tained. The Doppler guide wire was advanced through the 
coronary stenosis and into the distal vessel while continuous 
phasic velocity signals were recorded. Vasodiiatar reserve 
measurements were again obtained and the position of the 
Doppler guide wire was documented by cineangiography. 
Angioplasty protocol. The coronary artery stenosis was 
crossed by using an appropriately sized (2- to M-mm) 
angioplasty balloon advanced over the ler guide wire. 
Two to five balloon inflations (6 to IO atm for 45 to 120 s) 
were performed with continuous monitoring of distal flow 
JACC Vol. 20, No. 2 
Augwt wm.76-a6 
anery distal to a 90% stenosis before 
angioplasty. Cc, Doppler velocity 
measurements i  he distal left ante- 
rior descending coronary artery 2 min 
after angioplasty. D, Doppler veloc- 
ity measurements i  the distal eft 
anterior descending coron artery 
12 min after angioplasty. PV = 
average diastolic peak velocity; 
APV = time-averaged p ak velocity; 
ASPV = average systolic peak veloc- 
ity; CT1 = peak tracking index; D = 
onset diastole; DPVi = diastolic peak 
velocity integral; DSiR = diastolic/ 
systolic velocity integral ratio; 
DSVR = diastolic/systolic velocity 
ratio; PVi = peak velocity integral; 
SNR = signal to noise ratio; SPVi = 
systolic peak velocity integral; S = 
onset systole. 
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velocity during balloon intl~tions. Dilations were concluded 
when the angiographic appearance of the stenosis demon- 
strated >50% reduction i diameter stenosis and the residual 
stenosis was graded as 530%. 
The angioplasty catheter was withdrawn under fluoro- 
scopic guidance while the Doppler guide wire was main- 
tained in a constant position in the distal coronary artery. 
Measurements of phasic velocity 8i baseline and during 
hyperemk response were obtained in the distal coronary 
artery 5to 15 min after balloon deflation. The Doppler guide 
wire was carefully withdrawn through the residual stenosis 
while velocity measurements were obtained to evaluate for 
the presence of accelerated post-stenotic jetvelocity. The 
Doppler guide wire was then withdrawn proximal to the 
dilated coronary artery segment, i s position documented by
cineangiography andphasic velocity and vasodilator reserve 
measurements repeated. 
An aphic measurements. Digital coronary artery im- 
ages ( ps Medical Systems, Inc.) were manually traced. 
By using the guide catheter diameter as a reference, a 
previously described software program (16) was used to 
calculate vessel diameter, vessel area and percent diameter 
stenosis. Distal coronary artery diameter at the location of 
the Doppler range gate (5 mm distal to the guide wire tip) was 
also measured before and after angioplasty. 
Peak velocity signal analysis. All relevant coronary veloc- 
ity signals were recorded on videotape, along with quadra- 
ture Doppler audio signals and simultaneous ECG and 
coronary artery pressure waveforms. Doppler velocity spec- 
tra were analyzed on line to determine spectral peak velocity 
integral, time-averaged spectral peak velocity, time- 
averaged diastolic and systoiic peak velocity (ADPV and 
ASPV), diastolic peak velocity integral (DPVi = arca under 
the peak velocity curve from the aortic dicrotic notch to the 
systolic aortic upstroke) and systolic peak velocity integral 
(SPVi = area under the peak velocity curve from the systolic 
aortic upstroke to the aortic dicrotic notch) (Fig. 4). 
Diastolic/systolic flow velocity ratio was also calculated on 
line from time-averaged peak velocities as (ADPVIASPV). 
Diastolic/systolic velocity integral ratios were calculated as 
(DPVi/SPVi). Ah velocity spectra were also analyzed olBine 
b;~ using a customized computer program and computer bit 
pad with manual tracing of video prints. 
COWrWJ flow reserve tafie. Coronary flow reserve ratio 
was calcufated as the maximal haeremic average peak 
veh3citylbasal average peak velocity. Diastolic coronary 
flow reserve ratio was calculated asthe maximal hyperemicl 
basal average diastolic peak velocity. Flow reserve ratio was 
obtained both proximal nd distal to the coronary stenosis, 
plasty. 
For in vitro and in vivo validation 
studies, Walysis of data was performed by standard linear 
regression, with calculation f P, slope, intercept and SEE. 
For ~~~~~~ studies, ~&~g~+tphic variables and velocity 
measurements including oiastolic/systolic velocity ratio 
diRStOb.!sYStolic velocity integral ratio and coronary flow 
100 
80 
60 
% 
40 
20 
Pre PTCA Post FTCA 
Wgure 5. Percent diameter stenosis in 38 patients undergoing an-
gioplasty (PTCA) of the left anterior descending or left circumflex 
coronary artery. liorizontai bars = mean (widest bar) percent 
stenosis -I-SD. Post = after; Pn = before. 
reserve ratio were compared by using differences between 
mean values and a paired one-tailed Student t test. Statistical 
significance was defined as p < 0.05. All data are expressed 
as mean value 2 SD. 
Human Studies 
Coronary an~og~p~ic ~em~y~a~ic rn~ure~Q~. 
Thirty-eight coronary artcry stenoses were successfully 
crossed with the Doppler coronary flow guide wire. Angio- 
plasty significantly decreased the mean percent diameter 
stenosis from 80 -C 17% to 33 2 23% (p C 0.01) (Fig. 5). 
Mean heart rate (76 + 18 beatslmin) and mean arterial blood 
pressure (95 c 15 mm Hg) did not change significantly after 
angioplasty (p > 0.10). 
Intracoronary peak velocity wasurements. Stable veloc- 
ity signals were obtained inthe proximal nd distal coronary 
arteries in all 50 patients (12 normal subjects and 38 pa- 
tients after angioplasty). Representative phasic flow velocity 
spectra and simultaneous aortic pressure tracings and the 
ECG are illustrated in Figure 4. Average peak velocity 
measured in the distal coronary artery increased in most 
patients after angioplasty, with the mean average peak 
velocity increasing from 19 + 12 to 35 + 16 cm/s; p < 0.01) 
(Fig. 6). Because mean distai coronary artery diameter 
at the Doppler range gate location did not change 
significantly (p > 0.10) by quantitative angiography, im- 
provement i  distal average pe 
be caused by an increase indi 
percent increase in average peak velocity measured in
proximal coronary arteries was also noted after angioplasty 
JACC Vol. 20. No. 2 
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Figure 6. Time-averaged peak velocity ured distal to a coro- 
nary stenosis before and after angiopllas 
(widest har) of time-averaged p ak velocity t SD. Abbreviations as 
in Figure 5. 
(from a mean value of 34 * 16 cm/s to 41 f 14 cm/s; p = 
0.04) (Fig. 7). 
$sto~i~/systo~~c veloci ratios. Coronary 
es with significant ( stenosis demon- 
strated istal phasic velocity patterns emarkable for prom- 
inent systolic components compared with predominant dias- 
tolic components in the patterns of subjects with nor 
coronary arteries (Fig. 4 ). Mean diastolic/systolic how 
velocity ratio measured in 17 normal vessels was noted to be 
1.8 + 0.5 compared with 1.3 + 0.5 in vessels with significart 
stenosis. These differences were statistically significant (p< 
O.Ol), although considerable overlap was noted between the
Figure 7. Time-averaged peak velocity (2 SD) measured in the 
proximal coronary artery, pre- and post-angioplasty. 
= mean (widest bar) of time-averaged p ak velocity + SD. Abbre- 
viations as in Figure 5. 
100 
I 
Pre PI CA 
Fy ratio for no 
arteries was 2.8 t- 1.1 a 
e ratios were stat~st~ca~~y 
~asto~~c/systo~~c vel city patterns measured proximal to 
;d significant ccronary stenosis 
similar abnormalities (Fig. 4A). an diastohclsystohc flow 
io and diastokiypteji~ v&ci:j; i~qzya~ rhiio 
ximal to a coronary stenosis were 1.8 + 0.8 and 
from those 
pectively, and were not statistically different 
of normal ves 
velocity patterns measuje 
senting a s~gnifica~t (p < 0.01) 
before angioplasty (Fig, 8, A an 
diastolic/systolic velocity inte 
increased to 3.1 zx 
mean values before 
Normalization f di 
increase from values 
Similarly, mean distal 
tie after a~~io~las~y 
maximization f diastollcisystohc flow 
diastolic/systolic velocity integral ratio re 
after angioplasty in most patients (Fig. 4 
Diastolic/systolic velocity patterns measured p oximal to 
the coronary rtenosis di not change s~g~~i~~a~~~y after 
angioplasty (Fig. 9, A a C) and mean ~iast~~ic/systo~~c 
flow velocity ratio and diastolic/systolic velocity integral 
ratio were not statistically different before and after 
asty (p = 0.19 and p = 0.12, respectively) (Fig. 9, A 
). In normal vessels, 
mean Bow reserve ratio was calculated by using time- 
averaged peak velocity and time-averaged diastolic peak 
velocity; these values were 2.3 r 0.8 for both variables. 
Before angioplasty the respective m an flow reserve values 
in stenotic coronary arteries were 1.5 + 0.5 and 1.4 2 0.7 
measured proximally and 1.6 2 1 and 1.5 * 1 measured 
distally. Changes in flow reserve after angioplasty differed 
among patients; ome patients demonstrated an increase and 
others showed no change or a decrease. No statistically 
significant changes were noted in mean flow reserve values 
after angiopiasiy (p > 0.10). 
Previous investigations (L-6,14,15,17-20) of subselective 
coronary artery flow measured during cardiac atheteriza- 
tion or angioplasty have been h red by various method- 
oiogic problems associated with eters. Velocity 
measurements i  hese studies w large proximal 
segments of the corollary arteries, where flow may not be 
reflective of flow in more distal branches or beyond a 
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Figure 8. A, Diastolic/systolic velocity ratio before (Pre) and after 
(Post) angioplasty (PTCA) in distal coronary arteries. B, Mean distal 
diastolic/systolic velocity ratio for normal subjects and patients 
before and after angioplasty. C, Diastolic/systolic velocity integral 
ratio before and after angioplasty. D, Mean distal diastolic/systolic 
velocity integral ratio for normal subjects and patients before and 
after angioplasty. 
stenosis. Animal experiments (21,221 have revealed reverse 
systolic flow in very distal epicardia9 rteries with continued 
forward flow in the proximal branches. Flow velocity mea- 
surements made in proximal coronary arteries beyond “ma- 
jor” branclles and proximal to a stenosis may be influenced 
by flow in numerous small branches that are not considered 
angiographically significant. In addition, the size of the 
Doppler catheter relative to the size of the coronary artery 
and stenosis has previously been shown to create significant 
disturbance of flow, extending well beyond the location of 
the Doppler sample volume (23) and resulting in cuderesti- 
mation of true flow velocity, 
With the use of a newly developed low profile Doppler 
9Iow guide wire with spectrally analyzed flow velocity mea- 
surements. precise changes inphasic flow velocity. systolic/ 
diastolic veiocity ratio and coronary flow reserve in distal 
coronary arteries were measured during angioplasty. 
Changes in velocity measurements after angioplasty. 
Time-averaged peak velocity was shown to increase signifi- 
cantly (mean change 84%) in the dista9 coronary artery after 
successful coronary angioplasty. This increase was probably 
due to an increase in distal flow rather than to a decrease in
distal coronary artery diameter because no significant 
change in distal coronary artery diameter at the Doppler 
range gate was documented by quantitative angiography 
after angioplasty. These increases inbasal flow after angio- 
plasty may explain the absence of significant changes inthe 
flow ratio after angioplasty because basal and maximal 
hyperemic flow both increased. 
Smaller percent changes inproximal verage peak veloc- 
ity after angioplasty were noted (mean change 20%). As 
previously reported (29,22), flow in proximal coronary arter- 
ies may not be reflective of Bow in distal vessels. Extramural 
coronary arteries may act as capacitance vessels, with 
forward systolic flow documented in proximal segments and 
reverse systolic flow in distal branches. This concept of 
epicardia9 coronary capacitance and intramyocardial 
“pumping” has formed the basis for new models of the 
JAW Vol. 20. No. 2 SEGAL ET AL. 283 
Pre PITA Post PTCA 
coronary circulation (24,25). With the use of such models, 
significant discrepancies between ~nsta~ta~eo~s ~rox~rna~ 
ow and distal corona 
In the current study, 
mented in TGerage peak velocity measu 
s and diastolic/systolic velocity ratio 
and distal coronary arteries illustrate 
t-forming such velocity measurements 
coronary artery stenosis. 
gioplasty. Previous investi- 
r coronary artery catheters 
to perform subselective flow reserve measurements after 
angioplasty have obtained inconsistent results. Wilson et al. 
(4) reported that al hough papaverine-induced flow reserve 
increased acutely from a mean of 2.0 k 0.1 before angio- 
plasty to 3.6 f 0.3 after successful angioplasty, he range of 
flow reserve valkes after angioplasty was diverse (2.5 to 7.5). 
Previous tudies from the same laborat 
mented agood co~elatio~ between ang 
stenosis and coronary flow reserve in 
arteries. wever, 
reserve either 
minimal arteriai cross-sectional area was noted after angio- 
plasty. Kern et al. (5) reported that angioplasty did not 
9. A, Diastolic/systolic ve ocity ratio btlcwe (Pre) and after 
aagioplasty (PITA) in the proximal coronary arteries. 
an proximal diastolic/systolic velocity rati 
d patients before and after angioplasty. C, 
velocity integral ratio before and after aagioplast 
mal diastolic/systolic velocity integad ratios for normal subjects and 
patients before and after angioplasty. 
Table 1. Coronary Flovr iaeserve 
Preangioplsty Postangioplasty 
Normal subjects (n = 17) 
APV 2.3 1: 0.8 
ADP 2.3 f 0.8 
Stenosed vessels proximal (n = 22) 
APV 1.5 2 0.5 1.5 IO.4 
ADP i.4 f 0.7 1.5 t 0.5 
Stenosed vessels distal (n = 23) 
APV 1.6 ? 1.0 1.2 2 0.4 
ADP 1.5 k 1.0 1.3 Ir 0.4 
*Measured before and after angioplasty in normal vessels, proximally in 
stenosed vessels and distally in ;tenosed vessels. Plow reserve was calculated 
using the ratio of hyperemicibasetine vebcity measured for two d 
velocity ratios. All values are mean 2 SD; p > 0.05 for all pre- versus 
postangioplasty measurements. ADP = time-averaged diastolic peak vehity: 
APV = time-averaged peak velocity. 
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significantly increase basal coronary artery flW.v Velocity but 
did result In significantly increased papaverine-induced by- 
peremic response. However, papaverine-induced’ flow re- 
scr-;e cdcdlated ssing any of ;evekra! flcv: ve!ocity indexes 
remained only minimally improved after angioplasty and 
significantly lower than that in normal vessel segmei1t;. 
Measurement of coronary flow reserve several weeks to 
months after angioplasty has yielded a more consistent 
relation between flow reserve and residual angiographic 
stenosis, with a peak/rest flow reserve ratio >3.5 in VeSSdS 
with <70% stenosis (4). However, such data concerning late 
improvement i  flow Yeserve are of no utility, in decision- 
making during the angiopiasty procedure. 
Our data concerning pharmacologically induced hyper- 
emit Row reserve measured in the proximal and distal 
coronary arteries after angioplasty were similar to those in 
earlier reports. These reports also demoastmted inconsistent 
results, with some patients showing improvement a d others 
showing lit&. :ha,tge. Explanations of this dissociation 
between coronary flow reserve and angiographic improve- 
ment after angioplasty include inaccuracies in angiographic 
assessment of stenosis severity, effects of collateral circula- 
tion to the tiected vessel, drugs that may limit vasodilator 
response, abnormalities of autoregulation resulting from 
long-standing ischemia, release of local factors that affect 
coronary vasomotor tone (27,28), alteration ofsmooth mus- 
cle vasomotor tone due to mechanical trauma (29) and a 
parallel increase in baseline and hyperemic flow that would 
obscure any change in flow ratio. In fact, our study docu- 
mented such an increase in baseline flow in the distal 
coronary bed afler angioplasty. 
Phaslc bw velocity patterns and diastolic/systolic velocity 
ratio after angioplasty. Previous investigators (8.9) docu- 
mented a reduction in the diastolic/systolic coronary flow 
ratio as the result of introducing an artificial coronary artery 
stenosis in an animal model. Similarly, studies (11,12) of 
diseased human IeA anterior descending coronary arteries 
during coronary bypass surgery using an 80-channel pulsed 
Doppler probe revealed a marked reduction i diastolic flow 
velocity and unchanged systolic flow velocity during raft 
occlusion, This decrease in diastolic/systolic velocity ratio 
with increasing degree of epicardial stenosis may be ex- 
plained by the increased influence ofan epicardial stenosis 
on flow during periods of low distal vascular resistance 
@astole) as compared with that during periods of high distal 
vascular resistance (systole) (30 . Alternative explanations 
using the intramyocardial “pump” model of Spaan et al. (24) 
suggest that epicardial resistance will become the limiting 
factor for anterograde coronary Bow during periods of no 
reverse intramyocardial flow and low distal arterial and 
venous resistance (diastole). However, during systole, re- 
verse coronary flow from the intramyocardial pump contin- 
ues to “charge” the epicardial coronary capacitance at the 
expense of increasing the transstenotic (aortic-intramyocar- 
dial) PItSSUre diierence. The influence ofincreasing forward 
flow resistance (due to the epicardial stenosis) and increasing 
reduction in transstenotic pressure tend to cancel eat 
other, resulting in little flow change during systole. 
Phasic coronary artery flow waveforms in the distal 
coronary artery beyond a significant s enosis were easily 
characterized with the Doppler fiow guide wire. The data in 
a closed chest human model confirm th? ir!traoperative 
findings of Kajiya et al. (11,12). With significant !~70%] 
diameter stenosis, diastolic flow components appeared sig- 
nificantly reduced, whereas systolic flow components were 
less affected. After relief of the stenosis after 8~ 
diastolic flow and diastolic/systolic velocity ratio 
significantly whereas systolic flow incrreased l ss. In several 
cases, diastoliclsystol~c ve ocity ratio required 
!o reach the maximal value (Fig. 4). This time d 
explained by impaired immediate normalization 
ulation in diseased precapillary artcries (31,32), inhibition or 
release of local or endothelia! vasomotor factors (33,34) or 
delayed recovery of systolic contraction of the regional 
myocardium with slow recovery of intramy~c~di~l pump 
function after the relief of chronic ischemia. Normalization 
of diastolic/systolic flow velocity ratio after ~~giopIasty 
paralleled angiographic improvement, implying improved 
subendocardial perfusion after successful angioplasty. Rr- 
ther studies will be required to determine whether such 
improvement i  this ratio is predictive of improvement i  
regional myocardial function or clinical outcome after SW 
--essful angioplasty. 
sitI~~I~g~ TheDoppler flow guide 
wire provides aconvenient means of obtaining phasic flow 
velocity data in both proximal and distal coronary arteries. 
However, it has several specific limitations. Placement of 
the guide wire for optimization of signal strength is neces- 
sary. As noted in the Methods section, the Doppler guide 
wire was manipulated byusing the gray scale signal ampli- 
tude and peak velocity as indicators of proper positioning 
within the vessel. In tortuous coronary segments or if the 
guide wire tip is preformed into a significant curve, signifi- 
cant manipulation may be required topoint the transducer 
away from the vessel wall and into the flow stream. Occa- 
sionally, vessel wall artifact cannot be avoided and the guide 
wire must be repositioned into an alternative s gment ofthe 
vessel. 
In large vessels in which the guide wire is angled, the 
ultrasound beam may not intercept the true maximal f ow 
velocity. Repositioning or manipulation f the guide wire 
will result in some variation in measured peak velocity in 
these cases and errors in reproducibility of Doppler velocity 
measurements willoccur. 
Flow velocity pro&~. In normal proximal coronary arter- 
ies, the flow velocity profile s generally parabolic (1 I ,12). 
However, significant flow separation with turbulence has 
been demonstrated (11,12,35) in the coronary region imme- 
diately beyond a significant stenosis. In the more distal 
study were lower than values p 
investigators (14,17,19) ~t~l~z~ng 
parable to tkose of others ($15 
tration of a~e~os~~~e i 
our flow reserve values were comparable to values after 
bolus adenosine administration in normal subjects (15) and 
were significantly higher than flow reserve measurements i  
ou.r patients with coronary artery disease. Lower values for 
ow reserve in the current study may 
itferences intechnique offlow veloci 
viously reported studies utilizing Doppler catheters and zero 
cross frequency detection techniques have variably defined 
coronary flow reserve ratio as the ratio of peak frequency 
shift (after drug administration) to frequency shift at rest 
(1,19) or as mean flow velocity (after Stimu~atiQ~) to mean 
flow velocity at rest (5,14,15). The current study defines 
coronary flow reserve as the ratio of the spectral peak 
velocities averaged over two complete cardiac ycles. Spec- 
tral analysis techniques have been shown (11,12,23) to be 
more accurate inestimating true peak flow velocity than zero 
cross techniques, specifically in disturbed flow fields 
(11,12,23). Additionally, spectral techniques are less subject 
to error introduced by “wall thump” artifact. 
Coronary flow reserve measurements were obtained with 
the guiding catheter still engaged in the coronary ostium, 
which may have resulted in partial ischemia and limited flow 
reserve, even in normal subjects. Finally, our group of 
“normal subjects” may have included some patients with 
angiographically normal coronary arteries with microcircu- 
latory abnormalities due to hypertension, left ventricular 
hypertrophy, diabetes or cardiac transplantation. 
Conclusions. The Doppler flow guide wire appears capa- 
ble of characterizing phasic diastolic and systolic flow ve- 
locity patterns inboth proximal and distal coronary arteries 
and may be easily incorporated into the clinical ngioplasty 
procedure. Discrepancies were noted between phasic flow 
e proximal ICI a cot-o 
proximal or distal coronary &ery. Alternative measure- 
ments made in the distal vessel, such as the change in 
absolute distal tiow velocity or in diastolic/systolic velocity 
ratio after angioplasty, appear to be more relevant in pre- 
dicting the clinical outcome of the procedure. Additional 
studies are required to assess these newer flow velocity 
variables inpatients. 
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